We used high-frequency in situ measurements of nitrate (NO { 3 ) and dissolved oxygen (DO) from the springfed Ichetucknee River, Florida, to derive multiple independent estimates of assimilatory nitrogen (N) demand, and to evaluate the short-term dependence of heterotrophic assimilation and dissimilation (e.g., denitrification) on gross primary productivity (GPP). Autotrophic N assimilation estimates derived from diel DO variability and GPP stoichiometry agreed closely with estimates based on integration of diel variation in NO { 3 concentration, although the correspondence of these metrics depended on the method used to estimate NO { 3 baselines. In addition, day-to-day changes in nocturnal NO { 3 concentration maxima were strongly negatively correlated with day-to-day changes in GPP. Diel temperature variation in the Ichetucknee River indicated that this pattern could not be explained by hydrologic dispersion, while relationships between N assimilation and O 2 production at hourly intervals indicated minimal physiological lags. The estimated magnitude of heterotrophic assimilation was small, indicating that the relationship between changes in GPP and changes in nocturnal NO { 3 maxima reflects sensitivity of denitrification to variation in exudation of labile organic matter by primary producers. We estimate that , 35% of denitrification may be fueled by the previous day's photosynthesis; this result is consistent with the broader hypothesis that the magnitude of autochthonous production in aquatic systems influences the fate of N via both direct and indirect mechanisms.
Ecosystem nutrient cycling and export are closely tied to the metabolic activity of primary producers via both direct and indirect mechanisms (Knops et al. 2002) . Most directly, assimilation of nutrients by autotrophs is an important pathway of nutrient transformation in terrestrial, freshwater, and marine ecosystems (Johnson et al. 2006; Roberts and Mulholland 2007; Templer et al. 2008 ). However, even in systems where bulk organic matter (OM) is abundant, heterotrophic metabolism and nutrient transformations (both assimilatory and dissimilatory) are often tightly coupled to recent photosynthetic activity or other pathways of OM input (Hamilton and Frank 2001; Vance and Chapin 2001; Picek et al. 2007 ). This relationship is thought to reflect the greater lability of fresh detritus and exudates vis-à -vis older OM pools that persist precisely because of their low nutrient content and structural complexity (Cebrian and Duarte 1995) .
Spatial and temporal variation in sources of organic matter to streams and rivers can have important consequences for both assimilatory and dissimilatory pathways of N removal. Metabolic processes in small forested streams are dominated by inputs from terrestrial systems in the form of seasonal litter pulses and delivery of largely recalcitrant dissolved organic matter (DOM). The magnitude and quality of such inputs, and resulting variation in heterotrophic respiration, influence both heterotrophic assimilation (Hoellein et al. 2007; Roberts and Mulholland 2007) and denitrification (Mulholland et al. 2009 ) in small streams. In higher-light environments such as arid and semiarid landscapes, and in larger channels, autochthonous production is a more important, and often the primary, source of organic matter. When and where autochthonous production is high, both assimilation (Roberts and Mulholland 2007; Hall et al. 2009 ) and denitrification (Holmes et al. 1996; Mulholland et al. 2009 ) may be coupled to productivity in space and time.
Studies of nutrient cycling in lotic ecosystems are strongly biased toward small streams, largely due to methodological constraints. In smaller streams, nutrient spiraling approaches allow relatively precise, methodologically consistent, and, in the case of isotopic tracers, process-specific estimates of biotic and hydrologic fluxes. Practical constraints have limited the application of these methods to larger fluvial systems (but see Dodds et al. 2008; Tank et al. 2008) . Open-channel methods allow direct whole-system measurement of denitrification in large rivers (Laursen and Seitzinger 2002; McCutchan et al. 2003) , but existing methods for estimating autotrophic and heterotrophic assimilation in streams and rivers rely on application of stoichiometric and growth efficiency coefficients to metabolic rates. These indirect methods have generally been applied only to smaller streams (Hall and Tank 2003; Webster et al. 2003) , where estimates generally agree with assimilation measurements from isotopic tracers and nutrient enrichments, albeit with varying precision (Fellows et al. 2006; Mulholland et al. 2006; Valett et al. 2008) . In large rivers, the lack of independent whole-system measures of assimilation has limited assessment of metabolism-based estimates. As a result, estimates of N removal in large rivers are based on mass balance, and they are therefore unable to resolve the mechanisms responsible for N removal, let alone address their interactions. Limited understanding of N dynamics in large rivers is a key constraint on efforts to model those processes at the scale of whole river networks (Wollheim et al. 2006; Tank et al. 2008) . Moreover, even in small streams, understanding of interactions between ecosystem metabolism and nutrient cycling is largely based on crosssystem comparison of single measurements; few studies have addressed the temporal dynamics of such interactions (but see Hoellein et al. 2007; Roberts and Mulholland 2007; von Schiller et al. 2008) , and none to our knowledge in large rivers.
Diel variation in nutrient concentrations is common in aquatic ecosystems, particularly during times of high primary productivity (Grimm 1987; Roberts and Mulholland 2007) . Less-structured fine-scale variation in nutrient concentrations, likely due to water management, has also been observed (Pellerin et al. 2009 ). Recently developed in situ nutrient sensors allow description of fine-scale patterns of variation for extended durations, and they can potentially be used to quantify autotrophic assimilation. In Monterey Bay, California, integrated diel variation of NO
) was strongly correlated with, and accounted for 70% of the N demand attributable to, monthly new production (Johnson et al. 2006) . In this study, we use time series of [NO { 3 ] to estimate assimilatory N demand in a spring-fed river (Ichetucknee River, Columbia County, Florida), and we compare these estimates with contemporaneous metabolic rates at hourly to seasonal timescales. Because nutrient inputs from contributing springs are temporally stable and spatially discrete (Heffernan et al. 2010) , we are able to infer dynamics of assimilatory and dissimilatory N removal by heterotrophs at daily scales, and we are able to evaluate, at the whole-ecosystem scale, the relationship between variation in these processes and day-today changes in primary production.
Methods
Site description-The Ichetucknee River, located in southern Columbia County, Florida, is a tributary to the Santa Fe River and part of the Suwannee River drainage. The river is entirely fed by six large springs that emerge from the karstic Floridan Aquifer within its upper 2 km. U.S. Geological Survey (USGS) gauges measure discharge in these major springs and at U.S. Highway 27, which acts as the southern boundary of Ichetucknee Springs State Park, and is , 5 km downstream of the Ichetucknee headspring. Total discharge from the six gauged springs averages 9.9 m 3 s 21 , about 11% greater than river discharge (8.9 m 3 s 21 ). Like other springs that drain the Floridan Aquifer, the springs of the Ichetucknee River have extremely stable discharge, temperature, and solute chemistry (Odum 1957; Heffernan et al. 2010 (Heffernan et al. 2010) . Concentrations of soluble reactive phosphorus (SRP), which accounts for . 95% of total phosphorus, range from 20 to 60 mg P L 21 . DO in springs ranges from , 4 mg O 2 L 21 in the upstream Ichetucknee headspring to 0.5 mg O 2 L 21 in Mill Pond Spring. The Ichetucknee River is 10-25 m wide and 1-2 m deep through most of its 8-km length, with the exception of the 1-km-long ''rice marsh'' section (, 100 m wide) that begins about 1 km from the headspring. The total riverbed area in the study area is , 0.154 km 2 , and it supports dense beds of submerged macrophytes, particularly Sagittaria kurziana and Vallesnaria americana. Emergent and floating macrophytes occur along channel margins and in shallow lateral portions of the rice marsh, but they contribute negligibly to total biomass (Kurz et al. 2004) . Filamentous cyanophytes (e.g., Lyngbya spp.) and xanthophytes (e.g., Vaucheria spp.) are also present as epiphytes on vascular plants, and as benthic mats, particularly near spring boils.
Sampling and chemical analyses-Measurements of discharge of the Ichetucknee River at U.S. Highway 27 and contributing springs during the period of each deployment were obtained from USGS gauges. We obtained ambient air temperature, solar radiation, and precipitation records from the Florida Automated Weather Network station (http://fawn.ifas.ufl.edu/) in Alachua, Florida, about 20 km from the study site. We sampled the six major spring inputs on dates during or close to sensor deployments (27 March, 24 April, 06 June, 10 October, 21 October) to determine DO, [NO { 3 ] , and temperature of spring inputs. We measured DO and temperature in the field using a Yellow Springs Instruments (YSI) 556 multiparameter probe. Water samples were collected in acid-washed prerinsed polyethylene bottles, stored on ice in the field, then frozen until analyzed for [NO { 3 ] based on second-derivative ultraviolet (UV) spectroscopy (Simal et al. 1985) using an Aquamate UV-Vis spectrophotometer.
We deployed in situ sensor arrays in the Ichetucknee River at U.S. 27 for four periods during the late spring (14 April-07 May and 14-18 May) and fall (01-04 October, 19 November-01 December) of 2008. The May and October deployments were shortened by instrument failure, which also prevented any nitrate measurements during an additional deployment (05-27 August 2008; temperature data from this deployment were used to evaluate hydrologic dispersion). Sensors were secured to maintain probes or intakes at a depth of , 0.5 m in the advective zone of the river, and they recorded analytes at 1-h intervals. Dissolved oxygen and temperature were measured by a YSI 600XLM sonde equipped with a Clark cell for DO measurements. During the first three deployments, NO (Owens 1974) . Relationships between nighttime DO saturation deficit and DO change were strong for all days (mean r 2 5 0.98, range: 0.93-0.998). Reaeration (k), obtained from the slope of line relating the DO change per hour and the DO saturation deficit between 00:00 and 05:00 h, exhibited relatively little variation among days (0.49 6 0.05 h 21 [mean 6 SD]), but it was slightly, albeit significantly, higher in the spring (0.51 6 0.04 h 21 ) than in the fall (0.46 6 0.07 h 21 ; Student's t-test: t 5 2.4, df 5 18, p 5 0.024). Using estimates of flow velocity (v; , 25 cm s 21 ), we estimated the areal extent integrated by metabolism measurements to be , 5.4 km (3v/k 5 3 3 900 m h 21 /0.5 h 21 ; Chapra and Di Toro 1991); this value is slightly greater than the length of the Ichetucknee River between the headspring and U.S. Highway 27.
From metabolism estimates, we calculated daily gross autotrophic assimilation (U a-GPP ; mg N m 22 d 21 ) assuming a photosynthetic coefficient of 1, an autotrophic respiratory coefficient (r a ) of 0.5 (Hall and Tank 2003) , and an autotrophic molar C : N ratio of 25 : 1 (Canfield and Hoyer 1988) . We calculated gross heterotrophic N assimilation (U het; mg N m 22 d 21 ) from heterotrophic respiration (R h 5 ER -r a 3 GPP) assuming a heterotrophic growth efficiency of 0.20 and molar C : N ratio of 20 : 1 (Hall and Tank 2003) .
In combination with estimates of inputs from contributing springs, we used sensor measurements of [NO { 3 ] to construct hourly mass balance estimates of N removal, which we partitioned between autotrophic assimilation and other processes based on observed diel variation. We calculated assimilatory N demand from diel [NO (Heffernan et al. 2010) .
Our first approach to calculate autotrophic N assimilation (U a-NO 3 -pre ; Fig. 1A ) used the preceding [NO { 3 ] max as the baseline for determining hourly NO { 3 deficits attributed to autotrophic assimilation, and it was determined as:
where (0) is the preceding [NO 
where [NO ] max , U a-NO 3 -pre will be lower than would be the case if the two baseline estimates were equal (Fig. 1A) ; in contrast, U a-NO 3 -int increases with day-to-day increases in [NO (Fig. 1B) . Equations 1 and 2 share the assumption that variation in NO { 3 accounts for all variation in dissolved inorganic nitrogen (DIN). Low concentrations of ammonium in the Ichetucknee River (Heffernan et al. 2010) suggest that N mineralized from sediment OM pools is either assimilated by biota or nitrified in the oxic surface waters of the Ichetucknee; as a consequence, the diel NO reflects variation in some combination of upstream inputs and assimilatory or dissimilatory heterotrophic N removal (Eq. 3). An additional assumption of Eq. 1-3 is that inputs of inorganic N from sediment nutrient remineralization and spring discharge are constant over the course of the day. While we cannot evaluate this assumption with respect to sediment remineralization, deployment of sensors in two springs (Cedar Hole and Mill Pond) for periods of several months showed no evidence of any diel variation (T. R. Rayfield unpubl.). Estimates of all processes were calculated using Ichetucknee River discharge, rather than that of contributing springs. Because the Ichetucknee River is typically losing, estimates based on river discharge may be , 10% lower than those based on springs discharge (Heffernan et al. 2010) .
We used diel patterns of air and river temperature to evaluate the magnitude of hydrologic dispersion that might confound estimates of assimilation from diel NO { 3 variation. Our approach took advantage of the fact that during late fall and summer deployments, air temperature (T A ) maxima (fall) or minima (summer) were very close to the flow-weighted temperature of springs inputs (T S 5 21.7uC), meaning that air temperatures were virtually always less than (in the fall) or greater than (in the summer) the temperature of springs inflows ( Fig. 2; summer data not shown). Thus, if hydrologic dispersion creates longer-residence flow paths of sufficient magnitude to influence [NO { 3 ] max , then we would expect river temperatures (T W ) to reflect that influence as well. After normalizing air and river temperatures to T S (i.e., DT A 5 T A 2 T S ), we used linear regression to predict daily minimum river temperature (DT W-min ) from daily minimum air temperature (DT A-min ) during the summer deployment and daily maximum river temperature (DT W-max ) from daily maximum air temperature (DT A-max ) during the fall. If our assumption of negligible influence of hydrologic dispersion is correct, we would expect those relationships to pass through the origin. Large dispersion would cause intercepts to be negative in the fall and positive in the summer, reflecting ambient air-river temperature gradients. We did not use April, May, or October temperature records in this analysis because temperature gradients between the river and atmosphere switched sign over the course of most days. We assumed that river hydraulics were relatively constant in light of minimal flow variability.
We used multiple regression analysis to evaluate daily insolation and temperature as predictors of GPP. We used bivariate regression to evaluate the relationship between N assimilation estimates derived from GPP and from diel NO { 3 variation (U a-NO 3 -pre and U a-NO 3 -int ), across all dates and within the spring and fall seasons. We also evaluated seasonal differences in GPP and U a-NO 3 using Student's ttest. Linear regression was also used to determine relationships between GPP and U den across all dates. We compared the fit of linear and quadratic equations to the relationship between hourly GPP (based on DO) and hourly NO { 3 assimilation (as estimated from U a-NO 3 -pre ) separately for spring and fall data. To test the hypothesis that day-to-day changes in [NO { 3 ] max were driven by the coupling of photosynthesis and denitrification, we calcu- (Fig. 2) . Mean DO minima (03:00 and 02:00 h on average during spring and fall, respectively) and maxima (15:00 h during both spring and fall) were 4.8 and 10.9 mg L 21 , respectively, during the spring and 4.8 and 7.8 mg L 21 , respectively, during the fall. On average, [NO { 3 ] ranged from 381 to 456 mg NO 3 -N L 21 during the spring (with minima and maxima at16:00 h and 03:00 h, respectively) and from 451 to 488 mg NO 3 -N L 21 during the fall deployment (with minima and maxima at16:00 h and 02:00 h, respectively). River [NO (Fig. 3) . Productivity and NO { 3 dynamics corresponded closely at hourly, daily, and seasonal timescales. Seasonal means of assimilation estimates based on diel NO { 3 variation were similar to those obtained from GPP measurements. Spring means of U a-NO 3 -pre and U a-NO 3 -int were 131.0 6 3.7 and 131.7 6 2.4 mg N m 22 d 21 , respectively. In the fall, U a-NO 3 -pre and U a-NO 3 -int were 58.3 6 4.9 and 58.5 6 4.2 mg N m 22 d 21 . Across all days, autotrophic assimilation estimates from diel NO { 3 variation were strongly correlated with U a-GPP , but the relationship was stronger for U a-NO 3 -pre (r 2 5 0.93, p , 0.0001; Fig. 4A ) than for U a-NO 3 -int (r 2 5 0.81, p , 0.0001; Fig. 4B ). The relationship between U a-GPP and U a-NO 3 -pre had a slope (0.97) that could not be distinguished from unity and an intercept not statistically different from zero (9.8; Table 1 ); in contrast, the slope between U a-GPP and U a-NO 3 -int (0.86) was significantly less than one and the intercept was significantly greater than zero (20.9). These patterns were largely driven by seasonal variation in both productivity and diel NO { 3 amplitude, but U a-GPP and U a-NO 3 -pre were also strongly correlated within individual seasons (spring: y 5 0.84x + 26.3, r 2 5 0.55, p , 0.0001; fall: y 5 1.19x 2 1.5, r 2 5 0.92, p ,0.0001). U a-GPP and U a-NO 3 -int were significantly correlated in the fall (y 5 0.83x + 16.6, r 2 5 0.60, p , 0.005) but not in the spring season (r 2 , 0.001, p 5 0.90).
The relationship between GPP and N assimilation (U a-NO 3 -pre ) at hourly intervals exhibited slight but significant nonlinearity in the spring (y 5 0.72 + 10.6x 2 2.2x 2 , r 2 5 0.90, p , 0.0001), with decreasing NO { 3 assimilation per unit production (Fig. 5A ), but the relationship was linear during the fall (y 5 0.52 + 7.8x, r 2 5 0.77, p , 0.0001; Fig. 5B ). During both seasons, the relationship between GPP and N assimilation was hysteretic, with greater N assimilation per unit productivity during periods of decreasing DO. In the spring, we also observed small predawn increases in apparent NO { 3 assimilation that preceded early morning increases in O 2 production (Fig. 5A) .
Loss of N via denitrification was greater than combined autotrophic and heterotrophic demand, and it varied both seasonally and in response to interday variation in GPP. U den was higher in the spring (568 6 10 mg NO 3 -N m 22 d 21 ) than in the fall (288 6 16 mg NO 3 -N m 22 d 21 ; t 5 24.9, df 5 34, p , 0.0001), and U den was positively correlated with GPP across all dates (y 5 30.4x + 146.7, r 2 5 0.89, df 5 37, p , 0.0001). Day-to-day changes in insolation explained more than 50% of the variation in DGPP (Fig. 6A) . Day-to-day changes in [NO { 3 ] max were weakly but significantly correlated with precipitation (y 5 4.7x 2 0.4, r 2 5 0.12, p , 0.05; Fig. 6B ), but the correlation between DGPP and D[NO { 3 ] max was much stronger (y 5 24.9x 2 0.13, r 2 5 0.72, p , 0.0001; Fig. 6C ). The latter relationship was significant even when the 2 days following each rain event were excluded from the analysis (r 2 5 0.35, df 5 25, p , 0.001). Day-to-day changes in ER were uncorrelated with DGPP (r 2 5 0.07, df 5 34, p 5 0.13). Since ER and thus U het exhibited relatively little variability, DGPP was also strongly correlated with DU den (Fig. 6D ).
Discussion
The results of this study demonstrate that NO { 3 dynamics in the Ichetucknee River are linked to primary productivity at a variety of temporal scales via both direct and indirect mechanisms. The strong relationship between daily GPP and N assimilation in the Ichetucknee River suggests that the well-established link between metabolism and N uptake in smaller streams (Roberts and Mulholland 2007; Valett et al. 2008 ) also holds for larger systems. In addition, we have demonstrated that high-resolution in situ measurements can be used to discriminate among N removal mechanisms and evaluate dynamics of those processes at temporal scales (i.e., day-to-day variation) that are intractable to address with other methods. assimilation, like that observed in the Ichetucknee River (Fig. 5) , has also been observed in high-productivity streams by Mulholland et al. (2006) , who hypothesized that these lags may reflect the high energetic costs of NO { 3 assimilation. The slight nonlinearity in the relationship between GPP and U a-NO 3 -pre during the spring may indicate changes in autotroph stoichiometry in response to diel changes in light-nutrient ratios, but it could also reflect greater photorespiration under midday high-light conditions. Small predawn declines in [NO Despite the minor nonlinearities observed at hourly resolution, we observed an extremely strong correlation between the magnitude of diel NO { 3 variation and daily GPP. This pattern was partly driven by seasonal variation in GPP and the magnitude of diel NO { 3 variation, but correlations within seasons were also strong for the relationship between U a-GPP and U a-NO 3 -pre . At the seasonal scale, U a-NO 3 -pre overestimated U a-GPP by , 5% during the spring, but by , 15% in the fall when productivity was lower. This observation, like the nonlinearity observed in hourly measurements during the spring, is consistent with the negative relationship between light intensity and autotroph nutrient content observed in both unicellular and vascular plants (reviewed by Sterner and Elser 2002) .
The first basic assumption of our diel NO { 3 approach is that [NO suggesting that contributions from such long-residencetime flow paths are minimal. These observations are also consistent with results of a conservative tracer addition to the Ichetucknee River in which over 99% of the added tracer exited the system within 10 h (R. Hensley unpubl.). The simplest line of evidence against the occurrence of significant instantaneous assimilation at [NO { 3 ] max is the close correspondence between U a-GPP and U a-NO 3 -pre . While it is possible that the slope near unity between U a-GPP and U a-NO 3 -pre reflects fortuitous selection of parameters in the calculation of U a-GPP , these coefficients are reasonably well constrained. The C : N ratio we used (25 : 1) is based on measurements of vegetation in Florida springs (Canfield and Hoyer 1988) , and is only slightly higher than average C : N ratios of benthic algae in other high-light environments (20 : 1; Hall and Tank 2003) . Substituting the values of r a (0.5) and photosynthetic coefficient (1.0) in Hall and Tank (2003) for those suggested by Webster et al. (2003) (0.3 and 1.2, respectively) would increase U a-GPP estimates by only 16.6%. Given higher expected metabolic demands of biomass maintenance in macrophytes, we believe the coefficients used in this study to be more appropriate.
A second observation in support of our assumption is the sustained plateau of [NO { 3 ] between 01:00 and 05:00 h during the November-December deployment, which is most easily explained as a complete nighttime cessation of autotrophic assimilation during that period. The close correspondence of U a-GPP and U a-NO 3 -pre during that window of time suggests that our chosen parameters are reasonable. That those parameters would differ significantly during other times of year in such a relatively stable system seems unlikely.
A final line of evidence in support of our assumption of negligible assimilation at [NO { 3 ] max is that the magnitude of day-to-day variation in [NO { 3 ] max is inconsistent with even the most generous assumptions of autotrophic N demand relative to biomass production. The key point is that if autotrophic assimilation occurs at night, we must assume that daytime assimilation is similarly underestimated by our approach. Because this bias would occur over the entire diel cycle, even small deviations from our assumption of negligible uptake at [NO , autotrophic assimilation during the spring season would more than double the magnitude of U a-GPP and U a-NO 3 -pre determined by our original approaches, suggesting a C : N stoichiometry of combined macrophyte and epiphytic algal production of around 12 : 1. Nighttime assimilation able to account for a reduction of only 15 mg NO 3 -N L 21 would imply a doubling of the lower fallseason estimates. We note that day-to-day changes in [NO { 3 ] max were this large on several occasions during our relatively limited period of observation, and they occurred in response to only moderate variation in GPP (6 30%; Fig. 6 ). For such moderate day-to-day variation in GPP to account for observed variation in [NO , which in turn would require total assimilation at least 3-4 times greater (implying a C : N ratio of , 4 : 1) than our higher spring season estimates of U a-GPP or U a-NO 3 -pre . Taken together, these observations support our assumption that autotrophic assimilation does not contribute substantially to observed day-to-day variation in [NO variation in NH z 4 concentration is probably of insufficient magnitude to influence our results substantially. Our observations do suggest that short timescale variation in heterotrophic assimilation and/or denitrification occurs in the Ichetucknee River, but that this variation is principally during nighttime hours. Specifically, if U den and/or U het changed continuously during the day, then the relationship between U a-GPP and U a-NO 3 -int would be stronger than that between U a-GPP and U a-NO 3 -pre . The fact that we observed the opposite suggests that variation in U den and/or U het occurs primarily at night, possibly due to changes in sediment DO gradients (Christensen et al. 1990 ). Predawn decreases in NO { 3 during the spring are also consistent with nocturnal variation in denitrification or, less probably, heterotrophic assimilation.
Our study of the Ichetucknee River suggests that diel variation in NO { 3 can be used to quantify N assimilation with relatively high precision. While our estimates of GPP and N assimilation in the Ichetucknee River are high relative to those observed in small streams (Hall et al. 2009 ), smaller streams with lower specific discharge may exhibit similar magnitudes of NO { 3 variation despite lower rates of photosynthesis (Roberts and Mulholland 2007) . Estimation of autotrophic assimilation from diel NO { 3 variation may not be possible where diel variation in denitrification is large (Laursen and Seitzinger 2004; Harrison et al. 2005) , where large longitudinal dispersion mutes diel variability, or where human management produces idiosyncratic variation in NO { 3 inputs (Pellerin et al. 2009 ). In systems where upstream inputs are less constant than in spring-fed systems like the Ichetucknee River, a two-station method based on diel variation in differences between upstream and downstream sensors may be needed.
Despite potential challenges in less than ideal environments, application of the diel NO { 3 approach can contribute substantially to our understanding of nutrient dynamics in aquatic ecosystems, particularly in large rivers. Because estimates of autotrophic assimilation are independent of metabolism measurements, comparison of these measurements can be used to identify lags and stoichiometric variation in the relationship between primary production and nutrient assimilation both within and among systems. Extended in situ sensor deployments allow replication of daily rate estimates and, more importantly, evaluation of inter-related dynamics of processes at multiple timescales, including those (e.g., day-to-day changes) that are logistically prohibitive to evaluate via solute injections or other approaches. Moreover, estimates of denitrification dynamics from this approach are only influenced by metabolism estimates to the extent that ER and U het vary over time.
Day-to-day variation: Indirect coupling of photosynthesis and NO { 3 dynamics via denitrification-Consistent with long-term N mass balance in the Ichetucknee River (Heffernan et al. 2010) , our data indicate that N removal in this system occurs predominantly via denitrification (81% and 80% in spring and fall, respectively). Estimates of denitrification per unit area are high compared to most streams and rivers (Pina-Ochoa and Alvarez-Cobelas 2006; Mulholland et al. 2008 ), but they are similar to openchannel estimates of denitrification in larger, N-enriched rivers (Laursen and Seitzinger 2002; McCutchan et al. 2003 ). These high rates of denitrification may reflect greater availability of labile OM in more productive, larger rivers (Heffernan et al. 2010) . Seasonal variation in denitrification, which occurs despite relatively stable temperatures in the Ichetucknee River, is also consistent with the dependence of denitrification on seasonally varying autochthonous production. In the present study, the relationship between day-to-day variation in GPP and changes in [NO { 3 ] max indicates that such coupling may be manifest at relatively short temporal scales.
Several mechanisms could, in principle, produce the negative relationships between interday variation in productivity and subsequent changes in [NO { 3 ] max in the Ichetucknee River (Fig. 6C) . One potential explanation is that our assumption of constant inputs is invalid. Declines in GPP are associated with high cloud cover and, potentially, flushing events that increase N delivery to springs during large rain events (. 20 cm; Martin and Gordon 2000) . However, the magnitude of rain events during our study was small, with only two events . 1.5 cm, and the largest changes in [NO { 3 ] max occurred following the smallest rain event (, 0.15 cm). Moreover, the relationship between spring discharge and rainfall occurs with long (, 100 d) lags, and associated changes in spring discharge chemistry have even longer (, 6-18 month) lags (Heffernan et al. 2010 , labile organic C, anoxia) are all influenced by the activities of autotrophs, several mechanisms could produce relationships between DGPP and DU den , but not all are consistent with the positive relationship we observed in the Ichetucknee River. For example, if day-to-day changes in U den were driven by variation in DO, as has been observed in some streams (Christensen et al. 1990; Harrison et al. 2005) , we would expect increased U den following days of low productivity, rather than the observed positive relationship. Alleviation of NO { 3 limitation of denitrification via reduced assimilation on days with lowered GPP is unlikely given high concentrations and fluxes in the Ichetucknee River, and it would not produce changes in denitrification of greater magnitude than changes in assimilation. Instead, observations are consistent with exacerbation and alleviation of C limitation of denitrification, presumably due to changes in exudation by primary producers, following days of low and high productivity, respectively. The slope of the relationship between DGPP and DU den (expressed on a percent basis; Fig. 6D ) suggests that , 35% of denitrification may be driven by the previous day's photosynthesis.
Large-river N dynamics, high-resolution nutrient chemistry, and coupled biogeochemical cycles-The short-term coupling of GPP and denitrification in the Ichetucknee River supports the broader hypothesis that riverine N removal via denitrification increases with autochthonous productivity (Heffernan et al. 2010 ). This dependence on autochthonous production may be markedly weaker where and when heterotrophic respiration is predominantly fueled by allochthonous OM, as is the case in many small streams. Indeed, across small streams in various biomes and land uses, ecosystem respiration is a better predictor of denitrification than is GPP; however, productive small streams also have relatively high rates of ecosystem respiration, and thus somewhat higher denitrification (Mulholland et al. 2009 ). Since large rivers are, in general, more productive and less dependent on allochthonous OM than headwater streams (Vannote et al. 1980) , we suggest that denitrification is likely to become more dependent on autochthonous production of labile OM with increasing channel size. Where longitudinal patterns of autochthonous and allochthonous OM inputs differ (Wiley et al. 1990 ), so will the dependence of denitrification on in situ production. Regardless of its spatial and temporal distribution, primary production is likely to exert a strong influence on riverine N dynamics, both directly via assimilation and indirectly via effects on heterotrophic activity (i.e., uptake, DNRA, and denitrification). Improving our understanding of these relationships will require the integration of current tools and continued development of new approaches to N dynamics in large rivers.
High-frequency measurements of nutrient chemistry obtained from in situ sensors provide both a motivation to develop and a means to evaluate increasingly integrative models of biogeochemical and hydrologic processes in both terrestrial and aquatic systems (Kirchner et al. 2004) . The value of these measurements will be maximized when collected in combination with other measurements (e.g., open-channel metabolism and denitrification, chamber and sediment core experiments) that can be used to test mechanistic hypotheses and strengthen inferences derived from high-frequency measurements. Conversely, highresolution measurements can be used to evaluate ecosystem-scale predictions that follow from mechanistic models and experiments. Such an integrated approach will be necessary to develop a process-specific understanding of large river N dynamics. Moreover, high-frequency in situ measurements of nutrient chemistry in aquatic environments where the aqueous medium and action of flow serve to integrate spatially heterogeneous processes will provide a useful approach to the study of more general models of coupled biogeochemical cycles that may inform studies of terrestrial systems where similar measurements are not presently possible.
